Objective-Aortic arch transplants have advanced our understanding of processes that contribute to progression and regression of atherosclerotic plaques. To characterize the dynamic behavior of monocytes and macrophages in atherosclerotic plaques over time, we developed a new model of cervical aortic arch transplantation in mice that is amenable to intravital imaging. Approach and Results-Vascularized aortic arch grafts were transplanted heterotropically to the right carotid arteries of recipient mice using microsurgical suture techniques. To image immune cells in atherosclerotic lesions during regression, plaquebearing aortic arch grafts from B6 ApoE-deficient donors were transplanted into syngeneic CX 3 CR1 GFP reporter mice. Grafts were evaluated histologically, and monocytic cells in atherosclerotic plaques in ApoE-deficient grafts were imaged intravitally by 2-photon microscopy in serial fashion. In complementary experiments, CCR2 + cells in plaques were serially imaged by positron emission tomography using specific molecular probes. Plaques in ApoE-deficient grafts underwent regression after transplantation into normolipidemic hosts. Intravital imaging revealed clusters of largely immotile CX 3 CR1 + monocytes/ macrophages in regressing plaques that had been recruited from the periphery. We observed a progressive decrease in CX 3 CR1 + monocytic cells in regressing plaques and a decrease in CCR2 + positron emission tomography signal during 4 months. Conclusions-Cervical transplantation of atherosclerotic mouse aortic arches represents a novel experimental tool to investigate cellular mechanisms that contribute to the remodeling of atherosclerotic plaques. Visual Overview-An online visual overview is available for this article.
A therosclerosis remains one of the leading causes of morbidity and mortality in the Western world. Hallmarks of this disease include accumulation of lipids in the vessel wall and a chronic inflammatory state that is orchestrated by several immune cells, such as macrophages, dendritic cells, and T lymphocytes. Macrophages within the arterial wall take up cholesterol and lipids and play a critical role in the pathogenesis of atherosclerosis. For example, activated macrophages within early atherosclerotic plaques secrete proinflammatory cytokines and chemokines, which results in the recruitment of immune cells, such as monocytes, and migration of smooth muscle cells from the media into the intima. Plaque progression can eventually result in its rupture, catastrophic vessel occlusion, or plaque embolization.
It has long been recognized that atherosclerotic plaques are dynamic structures, which can regress over time. Mouse models have yielded substantial insight into the mechanisms that regulate progression and regression of atherosclerotic plaques. A powerful experimental system to study plaque regression has been the transplantation of aortic arches from apolipoprotein E (ApoE)-deficient mice into wild-type (WT) hosts, whereby the dyslipidemic environment was corrected without the need for dietary modification. Notably, these studies have revealed that plaque regression was associated with the emigration of immune cells, such as macrophages, which was dependent on chemotactic gradients. 1, 2 Novel imaging modalities have advanced our understanding of immune responses during steady state and in a wide variety of disease models. Our group has developed methods to image the dynamic behavior of leukocytes by intravital 2-photon microscopy in moving tissues and organs in the mouse. 3, 4 We have recently described CCR2 (C-C chemokine receptor type 2)-targeted positron emission tomography (PET) imaging approaches that can serially and noninvasively monitor monocyte-related inflammation. [5] [6] [7] The goal of this study was to develop a platform that allows for the serial imaging of immune cell infiltration and trafficking in regressing atherosclerotic plaques of aortic arch grafts. An important advantage of using a transplant model to study dynamic leukocyte behavior in atherosclerotic plaques is the ability to differentiate between plaque-resident cells and cells that have been recruited to the plaque from the periphery by selecting donor and recipient strains that express various fluorescent proteins under the control of relevant promoters. -/-mice were purchased from the Jackson Laboratories (Bar Harbor, ME). B6 LysM-GFP mice were obtained from Klaus Ley (La Jolla Institute for Allergy and Immunology, La Jolla, CA). Mice were maintained at a conventional facility at temperatures between 18 and 23°C. B6 ApoE −/− mice were placed on a nonirradiated Western diet, containing 20% to 23% milk fat, 0.2% total cholesterol, and 34% sucrose by weight (Teklad Custom Diet TD.88137; Envigo), at the age of 6 weeks to develop atherosclerotic plaques in their aortic arches and were used for surgeries at the age of 22 to 26 weeks. 8 Aortic arches from these 22 to 26-week-old plaque-bearing B6 ApoE −/− mice were transplanted into B6 WT, B6 CX3CR1 GFP/+, or B6 LysM-GFP mice. For transplants involving plaque-bearing arches, we used male mice as donors and recipients because of technical considerations related to vessel size. 9 In separate experiments, aortic arches from WT B6 or CBA mice were transplanted into B6 WT or B6 CX3CR1 GFP/+ recipients. For these transplants involving nonplaque-bearing WT grafts, we used both male and female mice between 6 and 8 weeks of age (male→male and female→female transplants). Data were pooled because preliminary analysis revealed no differences between males and females in the parameters measured. Consistent with other studies reporting the development of preparations for new imaging approaches, experimental groups were comprised of 3 to 4 animals. 10, 11 Future studies aiming to examine quantitative cell behavior in plaque-bearing or allogeneic aortic grafts using this surgical technique will require larger group sizes. For some experiments, we injected anti-MHC (major histocompatibility complex) class II antibodies (clone M5/114; BioXCell, West Lebanon, NH) into recipient mice (200 µg intraperitoneally at day −1 and at time of imaging). For surgical procedures and intravital imaging, mice were anesthetized with ketamine (80 mg/kg) and xylazine (8 mg/kg) by intraperitoneal injection. Mice were used for histological assessment of grafts or for imaging studies at various time points as outlined in the Results section. All animal procedures were approved by the Animal Studies Committee at the Washington University School of Medicine, St. Louis, MO.
Materials and Methods

Mice
Cervical Heterotopic Aortic Arch Transplantation
Donor Operation
Donor mice were intubated with a 20-gage angiocatheter and connected to a ventilator with room air at a tidal volume of 0.5 mL and a respiratory rate of 110 to 120 per min. 100 U of heparin was injected intravenously into the donor mice before the harvest. Aortic arches were exposed through a median sternotomy. Three milliliters of cold saline were injected injected into the left ventricle after the brachiocephalic, left carotid, and left subclavian arteries were ligated and divided to flush the grafts. Grafts were fashioned by dividing aortic arches 3 mm proximal to the brachiocephalic and 5 mm distal to the left subclavian artery ( Figure 1A ). Aortic arch grafts were stored in 0.9% saline at 4°C until implantation.
Recipient Operation
Recipient mice were anesthetized, intubated orotracheally, and placed in a supine position. An incision was made from the lower mandible to the sternum with the head rotated toward the surgeon. The inframandibular gland and sternocleidomastoid muscle were dissected to expose the right common carotid artery ( Figure 1B) . The right common carotid artery was occluded proximally and distally with 8-0 silk ties, and a 6-0 silk tie was placed midway between proximal and distal occlusion sites ( Figure 1C ). Donor ascending and descending aorta were anastomosed to the proximal and distal portions of the common carotid artery in an end-to-side fashion with running 11-0 nylon sutures, respectively ( Figure 1C ). The graft was reperfused by releasing both proximal and distal ties on the recipient common carotid artery ( Figure 1D ). Blood supply to the distal portion of the common carotid artery was confirmed by visual inspection. Graft survival can be monitored by visualizing the pulsation of the aortic arches through the skin. The recipient operation time was 36.5±3.5 minutes.
Histology
Aortic arch grafts were fixed in formaldehyde, sectioned, and stained with hematoxylin and eosin.
Two-Photon Microscopy and Data Analysis
Mice were intubated using a 20-gage angiocatheter after administration of anesthesia. The neck incision was reopened to expose the aortic arch graft. For nonatherosclerotic grafts, a small piece of gauze was placed underneath the aortic arch to provide stabilization before securing the graft to the bottom of the coverslip. For atherosclerotic grafts, a portion of the plaque in the free wall of the aortic arch ( Figure 2A ) was secured by attaching it to the bottom of a coverslip. Because of its less compressible nature, we did not find additional stabilization necessary for plaque-bearing grafts. For atherosclerotic grafts, we performed serial imaging on the same mouse at 1 and 4 months after transplantation of the aortic arches. At the conclusion of the imaging at 1 month, the neck incision was closed in 1 layer with nonabsorbable suture material. The neck incision was reopened 3 months later for intravital imaging.
Imaging was recorded by a custom-built 2-photon microscope, which is fitted with 2 Coherent tunable femtosecond Ti-Sapphire lasers (Vision II and Chameleon XR), 2 multi-and 2 Bi-alkali photomultiplier modules, Pockel cell optical modulators for laser attenuation and fast shuttering, and an Olympus XLUMPlanFI 20× objective (water immersed; numerical aperture, 0.95; Figure 2B ). 4 The stage supporting the mouse during imaging is maintained at a temperature of 37°C. The lumen of the aortic arch was visualized as red by means of 15 μL of 655-nm nontargeted quantum-dots diluted in 50 μL of phosphate-buffered saline that was injected intravenously before imaging. CD4 + T cells were isolated from spleens and lymph nodes of B6 actin-RFP mice via positive selection with CD4 magnetic beads (CD4 L3T4 MicroBeads; Miltenyi Biotec, Auburn, CA) and injected into transplant recipients 24 hours before imaging.
12 GFP-labeled cells, RFP-labeled cells, and quantumdot-labeled blood vessels were excited by a Chameleon XR Titanium Sapphire Laser (Coherent) tuned to 890 nm. Fluorescence emission was passed through 480-and 560-nm dichroic mirrors placed in series and detected as red (>560 nm), green (480-560 nm), and blue (<480 nm). Two-photon excitation produces a second harmonic signal from collagen within aortic arch wall. 13 Video-rate and time-lapse recordings were acquired using ImageWarp acquisition program (A&B Software). Twenty-one video-rate frames (0.5 seconds per slice) were used for timelapse imaging. Multidimensional rendering and manual cell tracking was done with Imaris (Bitplane). Each plane represents an image of 220 μm (x) by 240 μm (y) at 2 pixels per micrometer. Z stacks were acquired by taking 21 to 41 sequential steps at 2. 
PET/Computed Tomography and Image Analysis
At 1 and 4 months after transplantation, PET/computed tomographic scanning was performed following our previously described protocol before intravital 2-photon imaging. 6 Briefly, 0 to 60 minutes of dynamic PET/computed tomographic scanning was performed after the tail vein injection of 64 Cu-radiolabeled DOTA-ECL1i conjugate (3.7 MBq in 100 μL saline, 0.12 μg mass) using a cross-calibrated microPET Focus 220 (Siemens, Malvern, PA) or Inveon PET/computed tomographic system (Siemens, Malvern, PA). The tracer uptake was calculated as the percent injected dose per gram of tissue in the 3-dimensional regions of interest from the last 15-minute period of the 60-minute dynamic PET scan without partial volume correction using Inveon Research Workplace (Siemens, Malvern, PA).
Statistics
Statistical analysis was performed using GraphPad Prism (version 6.07; La Jolla, CA). Group variation is described as mean±SEM. Groups were compared using 1-way ANOVA with a Bonferroni post hoc test. Individual group differences were determined with the use of a 2-tailed Student t test. Normality was determined using the ShapiroWilk test (P>0.05 for all experimental groups). Homogeneity of variance was determined using Levene test (P>0.05 for all experimental groups). A P value of <0.05 was considered to represent a significant difference in all the analyses.
Results
Histological Evaluation of Aortic Arch Grafts
Our previous experience with intravital imaging of heterotopic heart grafts has demonstrated that transplantation into the recipient's neck yielded a stable preparation. In contrast, transplantation into the abdominal position did not allow us to stabilize hearts sufficiently for intravital imaging. Therefore, to develop an experimental platform for intravital imaging of regressing atherosclerotic plaques, we first set out to develop a surgical model to transplant aortic arches into a cervical position. Allogeneic aortic interposition grafts in mice have been used as a model of vasculopathy that resemble changes observed in chronic vascular rejection in human grafts.
14 To establish and gain proficiency in microsurgical techniques for cervical transplantation of aortic arches, we initially chose to transplant nondiseased male or female C57BL/6 (B6) and CBA aortic grafts into sex-matched B6 hosts. Aortic arches of male B6 ApoE -/-mice, fed a high-fat diet for 22 to 26 weeks and containing atherosclerotic plaques, were transplanted into male B6, B6 CX 3 CR1 GFP/+, or B6 LysM-GFP mice. Six weeks after transplantation into B6 hosts, syngeneic B6 grafts showed normal vessel wall architecture ( Figure 1E ), whereas allogeneic CBA grafts had evidence of neointimal hyperplasia ( Figure 1F ). Aortic arches of B6 ApoE -/-containing atherosclerotic plaques ( Figure 1G ) were transplanted into B6 WT mice. Consistent with previous reports, we observed regression of the plaques 3 months after transplantation with depletion of foam cells, absence of intraplaque hemorrhage, and appearance of a fibrous cap ( Figure 1H ). Aortic arch grafts of B6 ApoE -/-mice bearing atherosclerotic plaques were imaged 1 month after transplantation into syngeneic CX 3 CR1 GFP/+ mice ( Figure 2B ). We observed recipient monocyte-derived macrophages that had been recruited to the plaque, where they formed clusters. These cells were relatively stationary. At 4 months, a time point when plaques are known to have undergone regression in this model, recipient-derived macrophages and cell clusters were still noticed ( Figure 2C) . However, the number of recipient-derived macrophages within the plaques was significantly lower than 1 month after transplantation ( Figure 2D) . In control experiments, we transplanted B6 aortic arches into CX 3 CR1 GFP/+ hosts. Compared with our observations in B6 ApoE −/− grafts, substantially fewer recipient monocyte-derived macrophages were present in the vessel wall 1 month after engraftment ( Figure IIA in the online-only Data Supplement).
Only few GFP + were detected in these control aortic grafts 4 months after transplantation ( Figure IIB in the online-only Data Supplement).
To further evaluate the viability of our preparation, we treated B6 CX 3 CR1 GFP/+ recipients of ApoE −/− grafts with anti-MHC class II antibodies-a regimen that has previously been shown to activate macrophages and endothelial cells. 15, 16 Here, we observed motile GFP + cells, which, consistent with previous reports, extend parts of their cell bodies (Movie II in the online-only Data Supplement; Figure III in the online-only Data Supplement). 17, 18 Furthermore, we transplanted plaquebearing B6 ApoE −/− arches into B6 LysM-GFP mice, which we and others have used to evaluate neutrophil behavior by intravital 2-photon microscopy ( Figure 2E ; Movie III in the online-only Data Supplement). 3 One day after transplantation, we observed recruitment of LysM-GFP cells to the plaquebearing aortic arches, where many cells displayed patrolling behavior ( Figure 2E and 2F ).
Serial Imaging of CCR2 + Cells Within Regressing Atherosclerotic Plaques by PET Scanning
To assess the accumulation of monocytes and monocytederived macrophages in regressing atherosclerotic plaques, we performed serial PET scanning of B6 recipients of atherosclerotic arches with our recently described CCR2-specific 64 Cu-DOTA-ECL1i imaging probe. In models of lung inflammation, we have demonstrated that 64 Cu-DOTAECL1i can sensitively and specifically detect CCR2-related responses. 6 A strong PET signal was detected in B6 ApoE −/− grafts, whereas minimal accumulation was observed in WT B6 aortic arch grafts ( Figure 2G ). Quantitative analyses showed that the uptake in B6 ApoE −/− grafts was almost 5-fold higher compared with WT B6 grafts at 1 month after transplantation ( Figure 2H ). At 4 months, the PET signal had diminished significantly in B6 ApoE −/− arches but remained almost 3× higher than in B6 WT grafts.
Discussion
Here, we developed a cervical aortic transplant model to image leukocyte migration in atherosclerotic plaques. Despite some shortcomings, such as technical difficulties, surgical manipulation of the aortic segment, ischemic injury inherent to transplantation procedures, and the sudden marked reduction and indefinite normalization of lipid levels, the plaque regression model after aortic transplantation has been regarded as a translational platform for drug discovery. 19 Importantly, compared with examining the behavior of immune cells in native vessels of atherosclerosis-prone mice, the transplant model allows for the design of experiments that allow for the differentiation between plaque-resident cells and cells that are recruited from the periphery. 18, 20 Animal models of vascularized aortic arch transplantation have been used to investigate alloimmune responses. In addition, because of the similarities in histological appearance and localization of atherosclerotic lesions in aortas of ApoE -/-mice and humans, experiments using ApoE -/-aortic transplants have yielded important insights into the pathogenesis of atherosclerosis. 21 For atherosclerosis studies, a heterotopic abdominal aortic arch transplant model has been described where suture techniques are used to perform the vascular anastomoses. 22, 23 However, our previous experience with intravital imaging of heterotopic heart transplants has shown that grafts that had been transplanted into the neck of recipients were far more amenable to extended periods of stabilization than those that had been transplanted into the abdomen. 3 Tomita reported a cervical aortic transplant model in WT mice utilizing cuff techniques. 24 When we set out to develop a method to transplant atherosclerotic aortic arches into a cervical location, we attempted to use cuffs for the vascular anastomoses in the neck. However, we found that ApoE −/− aortic grafts underwent necrosis shortly after transplantation. This was related to substantial narrowing of the vascular lumen of diseased grafts by the placement of cuffs. To address this technical hurdle, we used continuous microsurgical suturing techniques, which we first established in nondiseased aortic arches in an allogeneic model. When we used running sutures rather than cuffs to fashion the anastomoses between plaque-bearing vessels and carotid arteries of host animals, we did not experience any graft loss, and pulsation of the aortic arch grafts was visible for several months. Compared with the previously described abdominal transplant technique, we found that engraftment of aortic arches into the neck is significantly shorter because the carotid artery is easy to dissect without a requirement for the ligation of branch vessels before performing the vascular anastomoses.
The aortic transplantation model has yielded some important insights into the biology of regression and progression of atherosclerotic plaques. Llodra has previously reported that monocytes are recruited to both progressive and regressive atherosclerotic lesions. 1 We also observed the presence of CX 3 CR1 + monocytes that had been recruited to regressive lesions ≤4 months after engraftment. Also, our intravital 2-photon microscopy shows that during regression, monocyte-derived macrophages demonstrate limited displacement in plaques. The study by Llodrá hi inflammatory monocytes to the plaques was critical at early time points after lipid levels were lowered. Both intravital and PET imaging can be used to monitor recruitment of CCR2 + cells from the periphery into plaques. Intravital 2-photon microscopy will allow for an evaluation of the dynamic behavior of CCR2 + cells in plaques at early time points after engraftment.
Intravital imaging studies of atherosclerotic plaques have also been reported in nonsurgical models. Notably, an intravital live cell triggered imaging system that combines cardiac triggering and postprocessing of images to visualize the behavior of leukocytes in atherosclerotic branches of the external carotid artery has been reported. 17 Although we previously utilized glue to stabilize ventilated lungs and beating hearts, we managed to image aortic grafts without applying adhesive material. Thus, our experimental model allows for serial imaging of diseased vessels in the same animal, which allows for visualization of dynamic cellular events that contribute to the fate of atherosclerotic plaques over time. In addition, imaging in aortic explants has documented interactions between CD11c + antigen-presenting cells and T lymphocytes within atherosclerotic plaques, which are thought to promote inflammatory responses. 26 For example, local activation of T cells results in the production of proinflammatory cytokines. This leads to lipid uptake by macrophages thereby inducing the formation of foam cells and the development and propagation of atherosclerotic plaques. CX 3 CR1
+ cells were motile after treatment with anti-MHC class II antibodies. We speculate that the increased motility of CX 3 CR1 + cells may be because of increased recruitment of monocytes, possibly because of activation of endothelial cells or direct activation of macrophages. 15, 16 We have also developed complementary noninvasive molecular imaging modalities to image cell populations that are known to contribute to the remodeling of atherosclerotic plaques. Clinically, 18F-fluorodeoxyglucose PET is widely used for inflammation imaging. However, its nonspecific nature does not allow for specific cell trafficking in vivo. 27 Given the high radiolabeling-specific activity, PET imaging can be performed with trace amount (0.12 μg) injection of 64 Cu-DOTA-ECL1i, almost 3 magnitudes lower than the concentration required for functional inhibition of leukocyte recruitment. 28 Although our PET imaging does not allow for differentiation between graft-resident cells and cells that infiltrate the aortic arches from the periphery, we speculate that the signal within the arches is in large part because of CCR2 + cells that were recruited from the periphery. Our findings suggest that CCR2 PET scanning may be a useful modality to monitor responses to medical treatment of atherosclerosis. Two subsets of monocytes have been described, nonclassical CX 3 CR1 hi CCR2
low and inflammatory CX 3 CR1 low CCR2 hi monocytes. A recent study described the conversion from inflammatory to nonclassical monocytes after their recruitment to injured livers. 29 Interestingly, signaling via CX3CR1 is required for the entry of inflammatory CCR2 hi monocytes into atherosclerotic plaques. 30 Future studies will need to determine whether the accumulation of the GFP + monocytic cells that we visualize by intravital 2-photon microscopy contributes to the PET signal or whether the CCR2 + cells that are detected by PET constitute a separate cell population.
In conclusion, we have developed imaging approaches that allow for the assessment of dynamic immune cell behavior in allogeneic and plaque-bearing aortic arch grafts. The superficial location of cervical aortic arch transplants facilitates serial imaging by intravital 2-photon microscopy. In addition to regressing lesions described here, progressing lesions can be studied by transplanting ApoE-deficient aortic arches into ApoE-deficient animals that are fed a high-fat diet. The behavior of plaque-resident immune cells in regressing or progressing plaques can be studied by transplanting ApoEdeficient aortic grafts that express fluorescent proteins under relevant promoters into WT or ApoE-deficient recipient mice, respectively. This model may provide further insights on how innate and adaptive immune responses shape the remodeling of atherosclerotic plaques and may lead to the development of new therapeutic strategies. 
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